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Abstract
We have constructed a specific supersymmetric flipped SU(5) GUT model in which
bilarge neutrino mixing is incorporated. Because the up-type and down-type quarks
in the model are flipped in the representations ten and five with respect to the usual
SU(5), the radiatively generated flavor mixing in squark mass matrices due to the large
neutrino mixing has a pattern different from those in the conventional SU(5) and SO(10)
supersymmetric GUTs. This leads to phenomenological consequences quite different from
SU(5) or SO(10) supersymmetric GUT models. That is, it has almost no impact on B
physics. On the contrary, the model has effects in top and charm physics as well as lepton
physics. In particular, it gives promising prediction on the mass difference, ∆MD, of the
D−D¯ mixing which for some ranges of the parameter space with large tan β can be at the
order of 109 h¯ s−1, one order of magnitude smaller than the experimental upper bound.
In some regions of the parameter space ∆MD can saturate the present bound. For these
ranges of parameter space, t→ u, c+ h0 can reach 10−5 − 10−6 which would be observed
at the LHC and future γ − γ colliders.
1 Introduction
In recent years great progresses have been made on the flavor physics. Atmospheric neutrino [1]
and solar neutrino [2] experiments together with the reactor neutrino [3, 4] experiments have
established the oscillation solution to the solar and atmospheric neutrino anomalies [5, 6, 7].
The solution tells us that neutrinos have masses and mix with themselves in the propagations,
i.e., they oscillate [8, 9, 10]. The recent result from the super-K collaboration and the combined
analysis on the solar neutrino experiment result and the KamLAND experiment result give the
best fit points [5, 6]
∆m223 = 2.5× 10−3 eV 2, sin2 2θ23 = 1.0;
∆m212 = 7.3× 10−5 eV 2, tan2 θ12 = 0.41; (1)
where ∆m2ij = m
2
νi
−m2νj is the mass squared differences of the neutrinos in the mass eigenstates
(possible signs neglected here), and θij are the two-neutrino mixing angles. θ12 is for the solar
neutrino oscillation and θ23 is for the atmospheric neutrino oscillation. Moreover, the CHOOZ
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experiment made a constraint on the θ13 for the mass differences observed in the atmospheric
and solar neutrino experiments [4]
| sin θ13| <∼ 0.16. (2)
Understanding these masses and mixings is a challenge. The smallness of the masses can
be understood via the see-saw mechanism [11]. Namely, the heavy right-handed Majorana
neutrinos, whose masses violate the lepton number symmetry, simply decouple in the low energy
physics and give very small lepton number violating effects in the low energy phenomena,
which are the extremely small Majorana masses of the left-handed neutrinos. The present
experiments allow three typical solutions to the neutrino masses: the degenerate case with
m1 ∼ m2 ∼ m3 ∼ 10−1eV; hierarchy case with m1 ≪ m2 ≈
√
∆m221, m2 ≪ m3 ≈
√
∆m232;
inverse hierarchy case with m3 ≪ m1 ∼ m2 ∼
√
∆m223.
In view of the beautiful picture raised by Weinberg-Wilczek-Zee-Fritsch (WWZF) [12] that
the small quark mixing in the CKM matrix is related to the large quark mass hierarchy, people
feel challenged a lot by the presence of the neutrino bilarge mixing. Some people worried that
we should have degenerate mass matrix to understand it. However, in the WWZF scenario only
the symmetric mass matrix is used. If allowing asymmetric form for the mass matrix which for
example may well be generated by the elegant Froggatt-Nielsen (FN) mechanism [13], we can
accomodate the large mass hierarchy with large mixings [14]. If one works with an effective
theory, e.g., the minimal supersymmetric Standard Model together with right-hand neutrinos
(MSSM+N), at a low energy scale (say, the electro-weak scale), one can content oneself by
using the WWZF scenario to understand the smallness of quark mixing, and the see-saw and
FN mechanism to understand the largeness of neutrino mixing. However, if one works with
a theory, e.g., a grand unification theory (GUT), in which quarks and leptons are in a GUT
multiplet, one has to answer: can we explain simultaneously the smallness of quark mixing and
the largeness of neutrino mixing in the theory? If we can, then what are the phenomenological
consequences in the theory? There are several recent works to tackle these problems in SU(5)
or SO(10) GUTs [15, 16, 17, 18, 19, 20].
As known for a long time in the framework of the supersymmetric see-saw mechanism, we
are able to predict the lepton flavor violating (LFV) effects [21, 22]. The flavor structure in
the neutrino Yukawa couplings can be transformed to the soft SUSY breaking masses of the
left-handed sleptons which then give implications on the µ→ eγ and τ → µ, e+ · · · processes.
In the models of the grand unification theory, e.g., in SU(5) or SO(10), quark fields are unified
with leptons in the representations of GUT gauge group, and from the lepton Yukawa couplings
we are able to get the flavor mixings in down-type squark mass matrix [23, 15, 17, 20]. These
flavor mixings are something beyond those described by the CKM mixing and can give the
interesting phenomenological implications for the Kaon and B meson physics. This approach
has recently been used in SUSY SU(5) and SO(10) GUTs which incorporate the bilarge neutrino
mixing and can give the significant phenomenological predictions if the bilarge neutrino mixing
is from the lepton Yukawa couplings [15, 17, 20].
In the present paper, we address the problems in the supersymmetric flipped SU(5) model.
As we know, the flipped SU(5) unification model has several advantages: (i) SU(5)× U(1) is
the minimal unified gauge group which provides neutrino masses; (ii) without high dimension
Higgs representations; (iii) the natural splitting of the doublet and triplet components of the
Higgs pentaplets and consequently the natural avoidance of dangerous dimension-5 proton
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decay operators; and (iv) the natural appearance of a see-saw mechanism for neutrino masses.
Furthermore, in the context of 4-dimensional free fermionic string model-building, at level one
(k = 1) of the Kac-Moody algebras [24], one can only obtain the Standard-like Model [25], the
Pati-Salam Model [26] and the flipped SU(5) model [27], because the dimensions of Higgs fields
in the spectra are smaller than that of the adjoint representation. Of these, only flipped SU(5)
actually unifies the non-abelian gauge groups of the Standard Model (SM). And a proliferation
of U(1) factor is the norm.
We show that the fermion mass hierarchies and the mixings of quarks and leptons can all
be well accommodated in the flipped SU(5) model. Moreover, because in flipped SU(5) the
up-type and down-typ quarks are flipped in the representations ten and five with respect to
the usual SU(5), the one loop radiative corrections to sfermion masses have a pattern different
from those in SU(5) or SO(10) and consequently different phenomenological implications. We
find that in flipped SU(5) new effects appear in top and charm physics, in addition to lepton
physics, and no effects in B physics, which is a novel feature quite different from the usual
SU(5) and SO(10) GUTs and can be tested by incoming experiments.
The paper is organized as follows. In section II, after a brief review of the flipped SU(5)
model, we construct a specific model in which the bilarge mixing can be accomodated in the
Yukawa couplings as well as the fermion mass hierarchy and the quark mixing. We will then
discuss the radiatively corrected SUSY breaking soft terms with universal SUSY breaking at
the Planck scale. In section III, we discuss the phenomenological consequences of our model.
Section IV is devoted to conclusions and discussions. Finally, some conventions in MSSM+N
are given in Appendix A, and the renormalization group equations (RGEs) in MSSM+N and
flipped SU(5) are given in the Appendices B and C, respectively. Throughout the paper we
assume no CP violating phases appearing the leptonic sector to simplify the discussion.
2 Flipped SU(5) Model and the Flavor Structure
2.1 The Flipped SU(5) Model
In this subsection, we would like to briefly review the Flipped SU(5) [29, 30] and construct
a specific flipped SU(5) model. The gauge group for flipped SU(5) model is SU(5) × U(1)X ,
which can be embedded in SO(10) model. We can define the generator U(1)Y ′ in SU(5) as
TU(1)
Y′
= diag
(
−1
3
,−1
3
,−1
3
,
1
2
,
1
2
)
. (3)
The hypercharge is given by
QY =
1
5
(QX −QY ′) . (4)
There are three families of fermions with the following SU(5)×U(1)X transformation pro-
porties
Fi = (10, 1), f¯i = (5¯,−3), lci = (1, 5), (5)
where i = 1, 2, 3. As an example, the particle assignments for the first family are
F1 = (Q1, D
c
1, N1), f¯1 = (U
c
1 , L1), l
c
1 = E
c
1. (6)
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Q and L are the superfields of the quark and lepton doublets, U c, Dc, Ec and N are the
CP conjugated superfields for the right-handed up-type quark, down-type quark, lepton and
neutrino.
To break the GUT and electroweak symmetries, we introduce two pairs of Higgs represen-
tations
H = (10, 1), H¯ = (1¯0,−1), h = (5,−2), h¯ = (5¯,+2). (7)
We label the states in the H multiplet by the same symbols as in the F multiplet, and for H¯
we just add “bar” above the fields. Explicitly, the Higgs particles are
H = (QH , D
c
H , NH), H¯ = (Q¯H¯ , D¯
c
H¯ , N¯H¯), (8)
h = (Dh, Dh, Dh, H1), h¯ = (D¯h¯, D¯h¯, D¯h¯, H2). (9)
We also add one singlet S.
To break the SU(5)×U(1)X gauge symmetry down to the SM gauge symmetry, we introduce
the GUT superpotential
WGUT = λ1HHh+ λ2H¯H¯h¯+ S(H¯H −M2V). (10)
There is only one F-flat and D-flat direction, which can always be rotated along the NH and N¯H¯
directions. So, we obtain that < NH >=< N¯H¯ >= MV. In addition, the superfields H and H¯
are eaten or acquire large masses via the supersymmetric Higgs mechanism, except for DcH and
D¯c
H¯
. And the superpotential λ1HHh and λ2H¯H¯h¯ combine the D
c
H and D¯
c
H¯
with the Dh and
D¯h¯, respectively, to form the massive eigenstates with masses λ1 < NH > and λ2 < N¯H¯ >. So,
we naturally have the doublet-triplet splitting due to the missing partner mechanism. Because
the triplets in h and h¯ only have small mixing through the µ term, the higgsino-exchange
mediated proton decay are negligible, i.e., we do not have dimension-5 proton decay problem.
The singlet S can have GUT scale mass and decouple in the low energy theory.
The SM fermion masses are from the following superpotential∗
WYukawa =
1
8
Fi(Y10)ijFjh+ Fi(Y5¯)ij f¯j h¯+ l
c
i (Y1)ij f¯jh+ µhh¯+
1
2M∗
Fi(YR)ijFjH¯H¯. (11)
After the SU(5)× U(1)X symmetry is broken down to the SM group, the superpotential gives
WSSM = D
c
i (Y10)ijQjH1 + U
c
i (Y5¯)jiQjH2 + E
c
i (Y1)iLjH1 +Ni(Y5¯)ijLjH2
+µH1H2 +
1
2
(MN )ijNiNj + · · · (decoupled below MGUT ). (12)
Thus, at the MGUT scale we have
YU = Y
T
5¯ , YD = Y10, YN = Y5¯, YE = Y1. (13)
∗In popular flipped SU(5) models one usually introduces more singlets and constructs a renormalizable
superpotential. Here instead we introduce a non-renormalizable term to give the right-hand neutrino masses in
order to avoid introducing more fields.
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The right-handed neutrino mass matrix MN is given by YR.
Assuming the right-handed neutrinos are heavy, they decouple at the low energy scale.
After we integrate out the right-handed neutrinos, the left-handed neutrino Majorana masses
are given by
WmνL =
M∗
M2V
(Y T5¯ Y
−1
R Y5¯)ijLiLjH2H2 . (14)
Thus, if (YR)33M
2
V /M∗ ∼ 1014 GeV, we obtain the correct τ neutrino (ντ ) mass implied by the
atmospheric neutrino oscillation experiment because the τ neutrino (ντ ) Dirac mass is equal to
the top quark mass at the GUT scale due to Eq. (13). In addition, the left-handed neutrino
Majorana mass matrix, which is symmetric, can be taken to be arbitrary because the Majorana
mass matrix YR for the right-handed neutrinos is arbitrary.
We can see from Eq. (11) that the up-type quark Yukawa matrix is the transpose of the
neutrino Dirac Yukawa matrix and the down-type quark Yukawa matrix is symmetric. Because
in the superpotenyial WSSM , the up-type quark mass matrix, the lepton mass matrix and
the symmetric left-handed neutrino Majorana mass matrix are arbitrary, we can generate the
correct SM fermion mass matrices, the CKM matrix and the neutrino mixing matrix, although
the down-type quark mass matrix is symmetric.
To be concrete, we present a realistic sample for the SM fermion mass matrices in the
Flipped SU(5) model which accomodates the bilarge neutrino mixing. The discussion will be
made without considering the CP violating phases, as noted in Introduction.
The ratios of the masses at the GUT scale [31] are
mu : mc : mt ∼ λ7 : λ4 : 1 , (15)
md : ms : mb ∼ λ4 : λ2 : 1 , (16)
me : mµ : mτ ∼ λ5 : λ2 : 1 . (17)
where λ = 0.22. And the CKM matrix is given by
VCKM ∼
 1 λ λ
3
−λ 1 λ2
−λ3 −λ2 1
 . (18)
In the hierarchy case, we can estimate the ratio of the neutrino masses
mν2 : mν3 ∼
√√√√∆m2solar
∆m2atm.
∼ ǫ′ : 1 , (19)
where ǫ′ is about 0.2 according to Eq. (1). The neutrino mixing matrix can be parametrized
in the standard way
U =
 c12c13 s12c13 s13e
−iδ13
−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13
s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13
 , (20)
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where cij = cos θij , sij = sin θij , and δ13 is the CP violating phase which is taken as zero as
those Majorana phases in our discussion, as we noted in the Introduction. In view of Eq. (2),
one has c13 >∼ 0.98, then, to a good approximation, one has
U =
 c12 s12 s13−s12√2 c12√2 1√2
s12√
2
− c12√
2
1√
2
 , (21)
where c23 = s23 =
1√
2
, c13 = 1, and s12 < c12 with θ12 ∼ 330 are globally consistent with all
neutrino experiments known so far.
The up-type quark Yukawa and the neutrino Dirac Yukawa couplings can take the following
form
YU = (Yν)
T ∼ yt
λ
7 λ6 λ4
λ5 λ4 λ2
λ3 λ2 1
 , (22)
the down-type Yukawa coupling YD takes the symmetric form
YD ∼ yb
 λ
4 0 0
0 λ2 0
0 0 1
 , (23)
and the lepton Yukawa coupling YE can take the form
YE ∼ yτ√
2

√
2aλ5
√
2bλ5
√
2ǫλ5
−bλ2 aλ2 λ2
b −a 1
 , (24)
where a2 + b2 = 1, ǫ is smaller than one. In the base where the charged leptons are mass
eigenstates and assuming that the same unitary matrix U makes both the lepton mass matrix
and the left-handed neutrino Majorana mass matrix diagonal, we obtain
sin θ13 ≈ ǫ, tan θ12 ≈ b
a
, tan θ23 = 1. (25)
The bilarge neutrino mixing, Eq. (21), follows if ǫ <∼ 0.16, b and a are both of the order one
and b < a. The prediction on θ13 heavily depends on the non-diagonal entries in the left-
handed neutrino Majorana mass matrix since we would like to get a small θ13. Because the
right-handed neutrino mass matrix is arbitrary, as noted above, an appropriate form of the
right-handed neutrino mass matrix can be taken to maintain the relation of θ13 in Eq. (25).
The left-handed neutrino Majorana mass matrix, Eq. (14), is given for the flavor fields να,
α = e, µ, τ . By the unitary transformation U given in Eq. (21), we obtain the left-handed
neutrino masses which can have mass hierarchy as
mν1 : mν2 : mν3 ∼ ǫ′′ : ǫ′ : 1, (26)
where the mass eigenvalues mνi and consequently ǫ
′′ and ǫ′ are determined by the matrix
(Y T5¯ Y
−1
R Y5¯) ( see Eq.(14) ) with Y
T
5¯ = YU . In order to get ǫ
′′ < ǫ′ ∼ λ, the eigenvalues, MNi , of
the right-handed neutrino Majorana mass matrix MN should have a hierarchy as large as
MN2 :MN3 ∼ λ7 : 1 (27)
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which for the MN3 ∼ 1014−15 GeV gives MN2 ∼ 109−10 GeV.
In the above discussions, the hierarchies in fermion mass spectra are obtained due to the
hierarchies in Yukawa couplings. An elegant mechanism to understand this fermion mass hi-
erarchy problem is the Froggatt-Nielsen mechanism [13]. However, the U(1) global symmetry
is not enough to generate the correct fermion masses, CKM matrix and neutrino mixing ma-
trix. So, we need to consider the larger global symmetry, for instance, SU(2) × U(1) family
symmetry. This is out of the scope of this paper and we will not consider it here.
Before proceeding, a remark is in place. The presence of the non-renormalizable operators
might affect the predictions based on the renormalizable Yukawa couplings in Eq. (11). In our
model, we do not have the dimension-5 non-renormalizable operators which can give the SM
fermion masses except the operators which give the right-handed neutrino Majorana masses.
There are dimension-6 non-renormalizable operators, for example,
Wnp =
1
M2∗
λ3ij[Fi(H¯h)]FjH +
1
M2∗
λ4ij[FiH¯][f¯j(Hh¯)], (28)
which can give the down-type quark masses λ3ij
v1<NH><N¯H¯>
M2∗
d¯RjdLi and the neutrino Dirac
masses λ4ij
v2<NH><N¯H¯>
M2∗
Niνj , respectively. However, the effects from the dimension-6 non-
renormalizable operators can be safely neglected if taking the cutoff scale of the theory high
enough. For instance, takingM∗ =MP l implies that their effects are suppressed byM2GUT/M
2
P l ≈
10−4. So, the predictions described in Eq. (25) are not affected by these operators †. Although
there are also RGE effects on the mixing matrix, as observed for the normal hierarchical case,
the RGE effects are mild [32]. In this paper, we will therefore use the mixing matrices estab-
lished in the low energy phenomena above the see-saw scale.
We conclude for this subsection that the bilarge neutrino mixing can be well accomodated
in the lepton Yukawa couplings in the flipped SU(5) model. The point is that for flipped
SU(5) model, the up-type quark mass matrix and the lepton mass matrix are arbitrary, and
the symetric Majorana mass matrix for left-handed neutrino is arbitrary after the right-handed
neutrinos decouple. Therefore, although the mass matrix for down-type quark is symmetric,
we do have enough degrees of freedoms to produce the correct GUT scale SM fermion masses,
CKM matrix and neutrino mixing matrix.
2.2 One Loop Radiative Corrections of Sfermion Masses
In order to establish notations and see where the difference of phenomenological consequences
between the flipped and conventional SU(5) comes from, let us first illustrate a little on how
the flavor changing terms arise in the supersymmetric theories. In this and next subsections,
we shall use some useful conventions and definitions in the Minimal Supersymmetric Standard
Model (MSSM) plus the right-handed neutrino fields (MSSM+N) given in Appendix A. In
MSSM+N, the superpotential can be written as follows
WSSM = D
c
i (YD)ijQjH1 + U
c
i (YU)ijQjH2 + E
c
i (YE)ijLjH1
†The dimension-5 operators can have larger effects. We have used one to generate the right-handed neutrino
masses. More operators, like (Fif¯h¯)FjH/M∗ and (FiH¯)(f¯jfh)/M∗ can appear if we introduce one pair of Higgs
fh = (5, 3) and f¯h¯ = (5¯,−3) under SU(5) × U(1)X . However, one may reintroduce the dimension-5 proton
decay operators via the higgsino exchange. So, we are not going to consider this possibility.
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+Ni(YN)ijLjH2 + µH1H2 +
1
2
(MN )ijNiNj. (29)
H2 and H1 are the Higgs doublets which give the Dirac masses to the up-type quark (neutrino)
and down-type quark (lepton), respectively. Assuming the universal SUSY breaking at high
energy scale, we can get the radiative corrections to the mass of squark doublets, m2Q (see
Appendix A for the convention), with the following form [28]
δm2Q ∝ Y †UYU + Y †DYD.
This just tells us that two couplings of Q in the Eq. (29) both contribute. After the electroweak
(EW) symmetry breaking, m2Q gives m
2
UL
and m2DL . CKM mixing in the charged current
interaction is obtained after diagonalising YU and YD. Typically for the left-handed quark
fields, the diagonalization is concerning Y †UYU and Y
†
DYD. As can be seen clearly we will have
misalignment between the quark and the squark mass matrix. Transforming for example the
down-type squark fields simultaneously with the down-type quarks can diagonalise Y †DYD but
can not diagonalise m2Q. Similarly for the up-type squarks. Thus, we have
δ(m˜2UL)ij ∝ (Ky2DK†)ij ≈ Ki3y2bK∗j3
δ(m˜2DL)ij ∝ (K†y2UK)ij ≈ K∗3iy2tK3j. (30)
where yU and yD are the diagonalised Yukawa couplings and K is the CKM matrix. m˜
2 is
the mass squared written in the super-CKM base in which YU,D,E are all diagonalised and the
sfermion fields are transformed simultaneously with the fermion fields (see Appendix A). In the
super-CKM base, we can see directly the extra flavor structures in the off-diagonal terms of
these soft SUSY breaking masses. One of the main features of these corrections is that they are
proportional to the corresponding flavor changing CKM matrix element. Typically δ(m˜2UL)ij is
given by the third column of the CKM matrix and δ(m˜2DL)ij is given by the third row.
Similar story happens in the flipped SU(5) model. As can be seen in Eqs. (11) and
(13), YU and YE come seperately from the Yukawa couplings of five representation to the ten
representation and of the five to the singlet representation. Since these two couplings both
give the SM fermion Yukawa couplings, after transforming to the super-CKM base we can
similarly get δ(m˜2UR)ij and δ(m˜
2
EL
)ij radiatively corrected by the different elements of the same
matrix. The story is different with the conventional SU(5) embedding. In the conventional
SU(5) theory 10 = (Q,U c, Ec), 5¯ = (Dc, L) and 1 = N . YD and YE both come from the
Yukawa couplings of five representation to the ten representation. We have δ(m˜2DR)ij and
δ(m˜2EL)ij being radiatively corrected by the coupling of five to the singlet representation which
is basically the Yukawa coupling of the right-handed neutrino. Consequently δ(m˜2DR)ij and
δ(m˜2EL)ij have similar dependences on the same matrix. Thus, what happens in the flipped
SU(5) is not quite similar to what happens in the conventional SU(5) theory. And we have
new phenomena in the charm and top quark physics, which will be discussed in detail in the
next subsection and section III.
2.3 Low Energy Implications
We can define the SUSY breaking soft terms for the multiplets of the flipped SU(5) model as
follows
−∆L = F˜ ∗i (m210)ijF˜j + ˜¯f ∗i (m25¯)ij ˜¯f j + l˜c∗i (m21)ij l˜cj +m2hh˜∗h˜+m2h¯ ˜¯h∗ ˜¯h
8
+
[
1
8
F˜i(Y
A
10)ijF˜j h˜+ F˜i(Y
A
5¯ )ij
˜¯f j ˜¯h + l˜ci (Y A1 )i ˜¯f jh˜+ µBh˜˜¯h
+
1
2
M5λ5λ5 +
1
2
MXλXλX + h.c.]. (31)
λ5 and λX are respectively the gaugino fields of the SU(5) and U(1)X gauge groups. M5 and
MX are the gaugino masses. At MGUT scale, the matching conditions are
Y AU = (Y
A
5¯ )
T , Y AD = Y
A
10 , Y
A
N = Y
A
5¯ , Y
A
E = Y
A
1
m2Q = m
2
10, m
2
D = (m
2
10)
T , m2U = (m
2
5¯)
T , m2L = m
2
5¯, m
2
E = (m
2
1)
T . (32)
h˜ et.al refer the scalar part of the corresponding superfields.
Similar to that in the MSSM, we do have m25¯ corrected by the presence of two Yukawa
couplings, Y5 and Y1:
δm25¯ ∝ c1Y †5¯ Y5¯ + c2Y †1 Y1 = c1(YUY †U)T + c2Y †EYE . (33)
c1,2 are coefficients. Again similar to what happend in the MSSM, Y5¯ and Y1 give masses
to the different SM fermions, i.e., the up-type quarks and leptons. The diagonalisations are
concerning YUY
†
U for the right-handed up-type quark and Y
†
EYE for the left-handed lepton
fields. The resulting extra flavor structures in the sfermion mass matrices of right-handed up-
type squarks and sleptons depend on the different elements of the same matrix. The results
are detailed in the Appendix C. According to them, we can get the mass insertion parameters
for the corresponding off-diagonal mass terms. Mass insertion parameter δij is defined as
δij = M
2
ij/M
2
f˜
, where M2
f˜
is the averaged mass squared of the i and j diagonal entries of the
mass matrix of f˜ . As an example, we have
(δURR)12 ≈ −0.01
3m20 + |A0|2
|M 1
2
|2(1 + 0.16m20/|M 1
2
|2)(UN)
∗
13y
2
τ(UN )23, (34)
(δELL)12 ≈ −0.25
3m20 + |A0|2
0.6|M 1
2
|2 +m20
(UN)
∗
31y
2
t (UN )32(1 +
1
40
ln
M2GUT
M2N
). (35)
In the expression, we have approximated (m˜2fLL,RR)ii ≈ 6|M 12 |
2 +m20 (i = 1, 2 and f = U) and
(m˜2ELL,RR)jj ≈ 0.6|M 12 |
2 + m20. D-term contributions after the EW symmetry breaking have
been neglected in the estimate. We have also taken ln M
2
∗
M2
GUT
= 10 for the estimate which means
that M∗
.
= 3 × 1018GeV ≈ MP l for MGUT .= 2.0 × 1016GeV. For δELL we have included the
contributions from the RGE running between the MGUT scale and the MN scale shown in the
Appendix B. We see that the corrections to δELL can be quite large if the relevant entries in UN
can be of order one.
We can see clearly that typically δELL probes the third column of the matrix UN , and δ
U
LL
probes the third row of UN . Similarly for δ
E
LR and δ
U
LR. Notice that to have sizeable effects for
the δURR, we need large tan β because it is corrected by the presence of lepton Yukawa couplings.
We can classify three typical scenarios by noticing that UN = V
†
NL
VEL:
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(i) Neutrino mixings are all from UN and we can take U = U
†
N (see Eq. (A.7) for compar-
ison).
(ii) Only the atmospheric neutrino mixing comes from UN and off-diagonal entries of the first
row and first column of UN are all small and negligible;
(iii) No large off-diagonal entries in UN and large mixing angles come from VNR and MN .
The first possibility is supported by our discussions in the last subsection which can give the
interesting phenomenological predictions. We will concentrate on the first case and comment
on the second and the third one in the last section of the paper.
For scenario (i), we have
(δURR)ij ∝ U3iU∗3j , (δULR)3k ∝ U33U∗3k, (36)
(δELL)ij ∝ Ui3U∗j3, (δELR)k3 ∝ Uk3U∗33, i 6= j, k 6= 3. (37)
As expected, the corrections are concerning the right-handed squark and the left-handed slep-
tons. As we know, elements in the third row of the matrix U are of the same order because of
the bilarge mixing, then we have
|(δURR)12| ∼ |(δURR)13| ∼ |(δURR)23|. (38)
In addition, in the case of large tanβ for which yτ and yt are of comparable magnitudes we
have the following features for the moderate vaules of M 1
2
, m0 and A0:
(a)(δURR)ij is of order 10
−2 and (δELL)23 is of the order of 10
−1;
(b) (δELR)23 is further suppressed by the VEV, v1 = v cosβ, and is of the order 10
−2 − 10−3
depending on the sfermion mass spectrum and is of the same order as (δULR)3k;
(c) (δELL)13,12 and (δ
E
LR)13 are further suppressed by the presence of the small magnitude of
U13 (or Ue3).
3 Phenomenology
3.1 Lepton Flavor Violation
Satisfying the precision µ→ eγ constraint
Br(µ→ eγ) < 1.2× 10−11, (39)
puts order 10−3 upper bound on (δELL)12 and order 10
−5 upper bound on (δELR)12 [33, 34]. For
moderate values of M 1
2
, m0 and A0, they correspond to having |Ue3| <∼ 10−3. For the scenario
discussed in the section 2.1, they correspond to having ǫ <∼ 10−3. We can simply satisfy this
constraint by assuming Ue3 = s13 = 0 in the matrix U . Similar thing happens to τ → e + · · ·
processes.
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Since the (δELL)23 is at the order of 10
−1, we are able to get the promising prediction on
τ → µγ through the tanβ enhanced contributions [16, 18]. A rough estimate in the mass
insertion [18] shows that
Br(τ → µγ) ≈ 4.× 10−7 ×
(
1000 GeV
ml˜
)4
×
(
tan β
50
)2
, (40)
form0 = |A0| = 2|M 1
2
|. The prediction is close to the present 1.1×10−6 upper bound [37]. In the
formulae, ml˜ is the average mass of the τ and µ sleptons. And we have used MN3 = 5.4× 1014
GeV to get mν3 = 0.05 eV. If taking for example |A0| = 6|M 1
2
| and m0 = 2|M 1
2
| (see Eq.
(34)) which are in the region allowed by the constraints from the relic density of cold dark
matter as well as (g − 2)µ and b → sγ [39], the (δELL)23 can be at the order of one. This will
make Br(τ → µγ) beyond the experimental upper bound. However, as pointed out in ref. [40],
there are some regions of parameter space where partial cancellation between contributions of
Feynman diagrams happens. The cancellation can reduce Br(τ → µγ) significantly, e.g., by a
factor of 10−1−10−2, depending on sparticle mass spectrum. Therefore, in these regions (δELL)23
of order one and a low mass spectrum (say, below 1 TeV) are allowed by the upper bound of
Br(τ → µγ).
3.2 B Physics
B meson physics has been able to put good constraint on δDLL,RR,LR to the order 10
−2 [33,
34]. These flavor changing structures contribute mainly through gluino loops. There are also
processes, e.g., b → sγ, b → d(s)l+l−, B → l+l− and Bd,s − B¯d,s mixing for which chargino
loops contribute a lot. Let’s figure out which entries in δU are relevant to B physics. First of all,
(δURR)ij (i 6= j) are always irrelevant to the processes because the couplings involved with the
right-handed up-type squarks are proportional to the Yukawa couplings and their contributions
can be neglected because of the small up and charm Yukawa couplings. Due to the same reason
for δULR, the relevant entries are (δ
U
LR)13,23, which refer that the right-handed stop is propogating
in the loop and give us large top Yukawa in the vertex.
Since flipped SU(5) gives predictions on (δULR)31,32 and δ
U
RR, not on (δ
U
LR)13,23 and δ
U
LL, we
do not have strong predictions on the B physics. This is a nice feature of the model. If flipped
SU(5) could give 10−2 prediction on (δULR)13, the double-penguin contributions to the Bd − B¯d
mixing would easily be as large as the SM prediction [35]. Without these extra flavor mixing
entries, we simply go back to the conclusion made in [35]: the ∆MDPBs /∆M
SM
Bs
can be of order
1 while ∆MDPBd /∆M
SM
Bd
∼ 1
30
∆MDPBs /∆M
SM
Bs
and can satisfy the experimental bounds. Here
∆MDP means the mass difference given by the double-penguin diagram and ∆MSM is the mass
difference given by the SM.
3.3 D − D¯ Mixing
In the SM, the flavor changing transitions involving external up-type quarks, which are due to
effective flavor changing neutral current (FCNC) couplings generated at loop level, are much
more suppressed than those involving external down-type quarks. The effects for external up-
type quarks are derived from the virtual exchanges of down-type quarks in a loop for which GIM
mechanism [36] is much more effective because the mass splittings among down-type quarks
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are much less than those among up-type quarks. In the SM model, D− D¯ mixing is extremely
small and highly GIM suppressed by the factor m2s/m
2
W (KusK
∗
cs)
2(of order 10−8) which makes
the SM prediction of order of 106h¯s−1(the contribution from the bottom loop is smaller because
of the smaller CKM mixing).
However, the GIM mechanism is in general not valid in SUSY theories. In the scenarios of
the minimal flavor violation for which flavor mixings are described by the CKM mixing, the
SUSY contribution is suppressed by the degeneracy of the first and second generation squark
masses and is of the same order of the SM contribution. However, with the misalignment
of quark and squark mass matrices in a general SUSY theory, a sizeable (δURR,LR)12 can have
significant effects on the D− D¯ mixing through the gluino box diagram. The prediction on the
mass difference, ∆MD, is proportional to (δ12)
2 for the CP conserving case. The present upper
bound [37] from the CLEO collaboration
∆MD < 7× 1010 h¯ s−1, 95% CL (41)
has been able to put a 10−1 − 10−2 constraint on (δULL,RR,LR)12 [38] depending on the squark
and gluino mass scale.
In the framework of the constrained MSSM with for example gravity-mediated SUSY break-
ing at the high energy scale, we have indeed the radiatively generated misalignment in the quark
and squark mass matrices as shown in Eq. (30). However, the relevant m˜212 is too small because
it is corrected by the small entries of the CKM matrix (actually for this entry the contribution
from the strange quark Yukawa coupling is larger but still too small to be interesting).
In the flipped SU(5) model as we discussed in the subsection 2.2, bilarge neutrino mixing
can give 10−2 right-handed up-type squark mixing and from which we can get
∆MD ≈ 0.7× 109 × (1000 GeV)
2
m2q˜
×
(
tan β
50
)4
h¯ s−1, (42)
if assuming m0 = |A0| = 2|M 1
2
| which means m2g˜/m2q˜ ≈ 0.6. m2q˜ in the unit GeV2 is the averaged
right-handed up and charm squark mass squared, and mg˜ is the gluino mass. We have used the
data in Eq. (1) as inputs. Typically our prediction is one or two orders of magnitude smaller
than the present bound which will be accessible at the CLEO-c and BES-III experiment.
As shown in the subsection 3.1, the prediction on Br(τ → µγ) is close to the present bound.
Although ∆MD has different dependences on the mass spectrum and tanβ than Br(τ → µγ),
we may expect that the present upper bound on ∆MD is hard to be reached in quite a large
part of the parameter space. In the Fig. 1, we show the correlation between the Br(τ → µγ)
and ∆MD in the model. We used the mass insertion approxiamted formular [16] to calculate
the tan β enhanced Br(τ → µγ). We used 200 GeV < m0, |M 1
2
|, |A0| < 1.2 TeV and 10 <
tanβ < 60. One can see that ∆MD can reach 10
9 h¯s−1 consistent with the constraint on
Br(τ → µγ). There are also some points for which ∆MD can reach 1010 h¯ s−1 and Br(τ → µγ)
is smaller than the experimental bound by a factor of 10−1 − 10−2, which corresponds to
the case of cancellation discussed in subsection 3.1. In the plot, we have included the 2σ
constraints 0.0002 < Br(b→ sγ) < 0.00045, ∆aSUSYµ < 32×10−10, and the 90% CL constraint
Br(Bs → µ+µ−) < 2. × 10−6. Although these observables are also sensitive to large tanβ,
they are actually not quite important for the model under study simply because the strong
prediction on Br(τ → µγ) in quite a large part of the parameter space has constrained the
mass spectrum to be around 1 TeV and makes other constraints easily satisfied.
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Figure 1: The correlation between the Br(τ → µγ) and ∆MD for the parameter space 200 GeV <
m0, |M 1
2
|, |A0| < 1.2 TeV, and 10 < tan β < 60. The constraint Br(τ → µγ) < 1.1 × 10−6(90% CL)
has been put.
3.4 Top Physics
In the SM, the tc transition rate is also very much GIM suppressed. The FCNC top quark
decays, for example, t→ cV (V = γ, Z, g) and t→ ch0, have branching ratios
Br(t→ cγ) ∼ 5× 10−13, (43)
Br(t→ cZ) ∼ 1× 10−13, (44)
Br(t→ cg) ∼ 4× 10−13, (45)
Br(t→ ch0) <∼ 10−13 (depended on mh0), (46)
which are unobservablly small [41, 42].
In SUSY theories, GIM mechanism is in general not valid and sizeable (δURR,LR)23 can have
significant effects on the FCNC top to charm transition due to the gluino-mediated contributions
(SUSY-QCD contributions). For t → cV (V = γ, Z, g) and t → ch (h = h0, H0, A0) decays,
as pointed out in Ref. [43], by changing δU23 by 3 orders of magnitude the branching ratios
increase by 6 orders of magnitude due to the quadratic dependence of the branching ratios on
the mixing coefficients. Typically for δU23 ∼ 0.4 and a light sparticle spectrum around 200 GeV,
one can get
Br(t→ ch) ≃ 10−4, (47)
Br(t→ cg) <∼ 10−5. (48)
In the SM t → u processes are also GIM suppressed and have negligible predictions. The
radiatively induced t→ u, c couplings by the new physics beyond the SM can be probed by the
13
top decay processes. Among them t→ u, c+ h0 can be probed by the top decay. t→ u, c+ g
couplings can be probed by the single top production processes at the Tevatron or LHC:
qq¯ → u¯, c¯+ t, gg → u¯, c¯+ t. (49)
There are also direct top quark production processes
ug → t, cg → t. (50)
For the tug coupling, LHC can reach the sensitivity equivalent to branching ratio Br(t→ ug) ∼
10−6. And for the tcg coupling, LHC can reach the sensitivity equivalent to branching ratio
Br(t→ cg) ∼ 10−5[44]. For t→ c, u+h0, LHC can reach order 10−5 branching ratio at 3σ [44].
Our predictions on δURR,LR are typically of the order 10
−2 for moderate soft SUSY breaking
parameters which is not large enough to have significant effects and to be observed at the LHC.
In particluar, according to Eq. (38) the present D − D¯ mixing constraint makes (δURR,LR)32,31
also constrained in the model under study. However, in some regions of the parameter space, as
pointed out in subsection 3.1, we can saturate the D−D¯ mixing constraint and have observable
FCNC effects for the top quark physics. In particular, the t → u, c + h0 processes are able to
reach 10−5 − 10−6 branching ratio which can be observed at LHC for 100fb−1 of integrated
luminosity.
δURR,LR can give rise to new contributions to more processes in top physics. For instance,
they will have sizeable effects on t → c, u + l+l− processes. These top quark FCNC couplings
can also be probed in top and charm associated productions at linear and γ − γ colliders [45].
4 Conclusions and Discussions
In summary, we have constructed a specific supersymmetric flipped SU(5) unification model in
which bilarge neutrino mixing is incorporated in the lepton Yukawa couplings. Non-renormalizable
operators have been introduced in the superpotential at the GUT scale in order to generate the
right-handed neutrino Majorana masses. The effects of other non-renormalizable terms on the
low energy implications can be safely neglected by taking the theoretical cutoff scale to be the
Planck scale. The universal supersymmetry breaking is assumed at the Planck scale. Because
the up-type and down-type quarks in the model are flipped in the representations ten and five
with respect to the usual SU(5), the radiatively generated flavor mixing in the squark mass
matrix due to the large neutrino mixing has a pattern different from those in the conventional
SU(5) or SO(10) supersymmetric GUT. This leads to the phenomenological consequences quite
different from SU(5) or SO(10) supersymmtric GUT. The left-handed slepton mixing is induced
by the up-type quark Yukawa coupling which is not suppressed when tan β is small. The ex-
perimental bound on µ→ eγ can be safely satisfied by taking θ13 small enough. When tan β is
large the branching ratio of the τ → µγ is predicted to reach the present experimental bound
with a mass spectrum around 1 TeV. Sizeable radiative corrections happen also to the right-
handed up-type squark mass matrix if tanβ is large ( >∼ 30). This radiatively generated flavor
mixing has almost no impact on B physics. On the contrary, it has effects in top and charm
physics. Because of the special feature of the flipped SU(5) model, the flavor mixing involving
the first generation up-type squark is never suppressed by small θ13. In the conventional SU(5)
model satisfying the µ → eγ constraint makes the SUSY prediction on the K − K¯ mixing
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negligible. However, similar thing never happens in the flipped SU(5) model. In particular,
we have shown that the radiatively generated falvor mixing can give a promising prediction
on the D − D¯ mixing. That is, for moderate values of the soft SUSY breaking parameters,
∆MD is of one order of magnitude smaller than the present experimental upper bound. Be-
cause Br(τ → µγ) and ∆MD have different dependences on the mass spectrum and tan β they
are basically complementary observables to test the supersymmetric theory. For the predicted
squark flavor mixing, t → u, c + h0 can reach 10−6 − 10−7 branching ratio. In some regions
of the parameter space ∆MD can saturate the present bound. For these ranges of parameter
space, t → u, c + h0 can reach 10−5 − 10−6 which would be observed at the LHC and future
γ− γ colliders. However a light spectrum is basically required by having sizeable effects on the
top quark FCNC processes. So the top quark FCNC processes are probably hard to be found
at LHC for the scenario (i) that we have concentrated on in the paper. A detailed analysis
including all the relevant experimental constraints is needed to make a definite conclusion on
the discovery potential of rare top decays at LHC. Moreover the model has effects in FCNC D
meson decays such as D → ρ(π)γ, which is worth to be examined.
For the scenario (ii) in which only the atmospheric neutrino mixing is accommodated in the
Yukawa coupling, we only have sizeable predictions on the (δU,ERR )23,32, (δ
U
LR)32 and (δ
E
LR)23. In
principle (δURR,LR)32 can be quite large (even order one) if we have very large A0. However, as
happened for the scenario (i) the τ → µ+ γ would limit them to be smaller than order of 10−1
in quite a large part of parameter space and consequently make the rare top FCNC decay hard
to be observed at the LHC. We need detailed calculations to say definitely on the discovery
potential.
The scenario (iii) is not interesting for D−D¯ mixing and Top quark FCNC. However it may
still be interesting for the physics of the lepton flavor violation[18]. The point is that by involving
a low mass spectrum the 1/m4
l˜
dependence of the branching ratio, as shown in Eq. (40), can
compensate part of the suppression given by a small off-diagonal entry in UN . Typically with
an order of 10−2 off-diagonal entry and a low mass spectrum as for example ml˜ ∼ 200 GeV,
Br(τ → µγ) can still reach 10−8 and be accessible in the near future experiments.
In the paper, we did not consider the possible Majorana phases in the discussions. These
phases, which have no effects in the neutrino oscillation experiments, can indeed give effects
on the radiative corrections to the squark and slepton mass matrices and lead to CP violating
effects in the low energy phenomena, e.g., the CP violating effects in the lepton physics, D−D¯
mixing and the top quark decay processes. It is possible that these phases can contribute to
the electric dipole moment of the electron, muon and neutron [46] and are of much interests.
The flipped SU(5) model can be embedded in the SO(10) model and we would have similar
implications on the flavor physics if SO(10) takes the breaking chain through the flipped SU(5).
We leave this for the future work.
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Appendix A: Some Conventions in MSSM+N
The soft SUSY breaking terms are written as
−∆L = U˜∗i (m2U)ijU˜j + D˜∗i (m2D)ijD˜j + Q˜∗i (m2Q)ijQ˜j + E˜∗i (m2E)ijE˜j + N˜∗i (m2N)ijN˜j
+L˜∗i (m
2
L)ijL˜j +m
2
H1
H˜†1H˜1 +m
2
H2
H˜†2H˜2 +
[
U˜∗i (Y
A
U )ijQ˜jH˜2
+D˜∗i (Y
A
D )ijQ˜jH˜1 + E˜
∗
i (Y
A
E )ijL˜jH˜1 + N˜i(Y
A
N )ijL˜jH˜2 +BµH˜1H˜2 + h.c.
]
, (A.1)
and the gaugino masses are
−∆L = 1
2
(M1λ1λ1 +M2λ2λ2 +M3λ3λ3) + h.c. , (A.2)
where Q˜ et.al refer to the scalar parts of the corresponding superfields. λi(i = 1, 2, 3) are the
gaugino fields for U(1)Y , SU(2)W and SU(3)C groups. In the Appendices B and C, we list the
one-loop RGEs in SUSY model with right-handed neutrinos.
We can parametrize the Yukawa couplings in Eq.(29) as follows
YU = VURyUV
†
UL
, YD = VDRyDV
†
DL
, YE = VERyEV
†
EL
, YN = VNRyNV
†
NL
. (A.3)
VUR et.al are unitary matrices and yU et.al are diagonal and real matrices. After the electroweak
symmetry breaking due to the vacuum expectation values of the H1 and H2 fields
< H1 >=
(
0
v1
)
, < H2 >=
(
v2
0
)
, (A.4)
we redefine the fermion fields to diagonalise the YU , YD and YE, and get the Dirac masses of
the SM fermions. The CKM matrix is then obtained in the charged current interactions:
K = V †ULVDL , (A.5)
and we define
UN = V
†
NL
VEL. (A.6)
The left-handed neutrino mass matrix in the interaction eigenstate is
−∆L = 1
2
ν¯cMνν + h.c.
Mν = v
2sin2βV TELY
T
NM
−1
N YNVEL = U
∗mνU
†, (A.7)
where v2 = v21+ v
2
2 and tanβ = v2/v1. Matrix U is the one responsible for the neutrino mixing.
To see the extra flavor mixing in the squark mass matrix, we redefine the sfermion fields in
the same way as the corresponding fermion fields and be in the so-called super-CKM base:
(U˜L, uL)→ VUL(U˜L, uL), (U˜R, uR)→ VUR(U˜R, uR),
(D˜L, dL)→ VDL(D˜L, dL), (D˜R, dR)→ VDR(D˜R, dR),
(E˜L, eL)→ VEL(E˜L, eL), (E˜R, eR)→ VER(E˜R, eR), (ν˜L, νL)→ VEL(ν˜L, νL). (A.8)
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Squark and slepton mass squared matrices will be denoted as m˜2 in the super-CKM base.
Trilinear terms will be denoted as yA (see Eq. (B.17) for definitions). The six by six squark
mass matrices relevant for the low energy phenomenology are
M˜2f =
(
M˜2fLL M˜
2
fLR
M˜2†fLR M˜
2
fRR
)
, f = U,D,E. (A.9)
Definitions of the relevant extries can be found in the Appendix B in which there are additional
contributions from the SU(2)L × U(1)Y D-terms after the electroweak symmetry breaking.
Appendix B: RGEs in the MSSM+N
RGEs are derived as follows
2
dY˜U
dt
= (
16
3
α˜3 + 3α˜2 +
13
9
α˜1)Y˜U − 3(Y˜U Y˜ †U + tr(Y˜U Y˜ †U))Y˜U
−Y˜U Y˜ †DY˜D − tr(Y˜N Y˜ †N)Y˜U , (B.1)
2
dY˜D
dt
= (
16
3
α˜3 + 3α˜2 +
7
9
α˜1)Y˜D − 3(Y˜ †DY˜D + tr(Y˜DY˜ †D))Y˜D
−Y˜DY˜ †U Y˜U − tr(Y˜EY˜ †E)Y˜D, (B.2)
2
dY˜E
dt
= (3α˜2 + 3α˜1)Y˜E − 3Y˜EY˜ †EY˜E − tr(Y˜EY˜ †E)Y˜E − Y˜EY˜ †N Y˜N − 3tr(Y˜DY˜ †D)Y˜E, (B.3)
2
dY˜N
dt
= (3α˜2 + α˜1)Y˜N − 3Y˜N Y˜ †N Y˜N − tr(Y˜N Y˜ †N)Y˜N − Y˜N Y˜ †EY˜E − 3tr(Y˜U Y˜ †U)Y˜N . (B.4)
In the above formulae, we have α˜ = α/4π, Y˜ = Y/4π, t = ln(M2GUT/Q
2). For the SUSY
breaking soft terms, we have
2
dY˜ AU
dt
= (
16
3
α˜3 + 3α˜2 +
13
9
α˜1)Y˜
A
U + 2(
16
3
α˜3M3 + 3α˜2M2 +
13
9
α˜1M1)Y˜U
−4Y˜U Y˜ †U Y˜ AU − 6tr(Y˜ AU Y˜ †U)Y˜U − 5Y˜ AU Y˜ †U Y˜U − 3tr(Y˜U Y˜ †U)Y˜ AU
−2Y˜U Y˜ †DY˜ AD − Y˜ AU Y˜ †DY˜D − 2tr(Y˜ AN Y˜ †N)Y˜U − tr(Y˜N Y˜ †N)Y˜ AU , (B.5)
2
dY˜ AD
dt
= (
16
3
α˜3 + 3α˜2 +
7
9
α˜1)Y˜
A
D + 2(
16
3
α˜3M3 + 3α˜2M2 +
7
9
α˜1M1)Y˜D
−4Y˜DY˜ †DY˜ AD − 6tr(Y˜ AD Y˜ †D)Y˜D − 5Y˜ AD Y˜ †DY˜D − 3tr(Y˜DY˜ †D)Y˜ AD
−2Y˜DY˜ †U Y˜ AU − Y˜ AD Y˜ †U Y˜U − 2tr(Y˜ AE Y˜ †E)Y˜D − tr(Y˜EY˜ †E)Y˜ AD , (B.6)
2
dY˜ AE
dt
= (3α˜2 + 3α˜1)Y˜
A
E + 2(3α˜2M2 + 3α˜1M1)Y˜E
−4Y˜EY˜ †EY˜ AE − 2tr(Y˜ AE Y˜ †E)Y˜E − 5Y˜ AE Y˜ †EY˜E − tr(Y˜EY˜ †E)Y˜ AE
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−2Y˜EY˜ †N Y˜ AN − Y˜ AE Y˜ †N Y˜N − 6tr(Y˜ AD Y˜ †D)Y˜E − 3tr(Y˜DY˜ †D)Y˜ AE , (B.7)
2
dY˜ AN
dt
= (3α˜2 + α˜1)Y˜
A
N + 2(3α˜2M2 + α˜1M1)Y˜N
−4Y˜N Y˜ †N Y˜ AN − 2tr(Y˜ AN Y˜ †N)Y˜N − 5Y˜ AN Y˜ †N Y˜N − tr(Y˜N Y˜ †N)Y˜ AN
−2Y˜N Y˜ †EY˜ AE − Y˜ AN Y˜ †EY˜E − 6tr(Y˜ AU Y˜ †U)Y˜N − 3tr(Y˜U Y˜ †U)Y˜ AN , (B.8)
dm2U
dt
= (
16
3
α˜3|M3|2 + 16
9
α˜1|M1|2)− (Y˜U Y˜ †Um2U +m2U Y˜U Y˜ †U)
−2(Y˜Um2QY˜ †U + Y˜U Y˜ †Um2H2 + Y˜ AU Y˜ A†U ), (B.9)
dm2D
dt
= (
16
3
α˜3|M3|2 + 4
9
α˜1|M1|2)− (Y˜DY˜ †Dm2D +m2DY˜DY˜ †D)
−2(Y˜Dm2QY˜ †D + Y˜DY˜ †Dm2H1 + Y˜ AD Y˜ A†D ), (B.10)
dm2Q
dt
= (
16
3
α˜3|M3|2 + 3α˜2|M2|2 + 1
9
α˜1|M1|2)
−1
2
(Y˜ †U Y˜Um
2
Q +m
2
QY˜
†
U Y˜U)− (Y˜ †Um2U Y˜U + Y˜ †U Y˜Um2H2 + Y˜ A†U Y˜ AU )
−1
2
(Y˜ †DY˜Dm
2
Q +m
2
QY˜
†
DY˜D)− (Y˜ †Dm2DY˜D + Y˜ †DY˜Dm2H1 + Y˜ A†D Y˜ AD ), (B.11)
dm2N
dt
= −
[
m2N (Y˜N Y˜
†
N)
T + (Y˜N Y˜
†
N)
Tm2N
]
− 2(Y˜Nm2LY˜ †N + Y˜N Y˜ †Nm2H2 + Y˜ AN Y˜ A†N )T , (B.12)
dm2E
dt
= 4α˜1|M1|2 − (m2EY˜EY˜ †E + Y˜EY˜ †Em2E)− 2(Y˜Em2LY˜ †E + Y˜EY˜ †Em2H1 + Y˜ AE Y˜ A†E ), (B.13)
dm2L
dt
= (3α˜2|M2|2 + α˜1|M1|2)
−1
2
(Y˜ †N Y˜Nm
2
L +m
2
LY˜
†
N Y˜N)− (Y˜ †N(m2N )T Y˜N + Y˜ †N Y˜Nm2H2 + Y˜ A†U Y˜ AU )
−1
2
(Y˜ †EY˜Em
2
L +m
2
LY˜
†
EY˜E)− (Y˜ †Em2EY˜E + Y˜ †EY˜Em2H1 + Y˜ A†E Y˜ AE ), (B.14)
dm2H2
dt
= (3α˜2|M2|2 + α˜1|M1|2)
−3tr(Y˜ †U Y˜Um2H2 + Y˜ †Um2U Y˜U + Y˜Um2QY˜ †U + Y˜ AU Y˜ A†U )
−tr(Y˜ †N Y˜Nm2H2 + Y˜ †N(m2N )T Y˜N + Y˜Nm2LY˜ †N + Y˜ AN Y˜ A†N ), (B.15)
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dm2H1
dt
= (3α˜2|M2|2 + α˜1|M1|2)
−3tr(Y˜ †DY˜Dm2H1 + Y˜ †Dm2DY˜D + Y˜Dm2QY˜ †D + Y˜ AD Y˜ A†D )
−tr(Y˜ †EY˜Em2H1 + Y˜ †Em2EY˜E + Y˜Em2LY˜ †E + Y˜ AE Y˜ A†E ). (B.16)
In the super-CKM base, the Yukawa couplings of the SM fermions are all diagonalised and
generate the SM fermions in the mass eigenstates. The SUSY breaking soft terms in this base
can be written as
m˜2UL = V
†
UL
m2QVUL, m˜
2
DL
= V †DLm
2
QVDL, m˜
2
UR
= V †URm
2
UVUR,
m˜2DR = V
†
DR
m2DVDR, m˜
2
EL
= m˜2νL = V
†
EL
m2LVEL, m˜
2
ER
= V †ERm
2
EVER,
yAU = V
†
UR
Y AU VUL, y
A
D = V
†
DR
Y AD VDL , y
A
E = V
†
ER
Y AE VEL. (B.17)
Trilinear terms are transformed similar to the Yukawa couplings. The left-handed neutrinos in
this base are called as interaction eigenstate neutrinos. Together with the D-term contributions
after the electroweak symmetry breaking, m˜2 and yA give the mass matrices of sfermions, Eq.
(A.9), relevant to the low energy phenomenology. The entries in Eq. (A.9) are
M˜2ULL = m˜
2
UL
+m2U +M
2
Zcos2β(
1
2
− 2
3
sin2θW ),
M˜2URR = m˜
2
UR
+m2U +M
2
Zcos2β(
2
3
sin2θW ),
M˜2ULR = −v2(yA†U + µ cotβyU); (B.18)
M˜2DLL = m˜
2
DL
+m2D −M2Zcos2β(
1
2
− 1
3
sin2θW ),
M˜2DRR = m˜
2
DR
+m2D −M2Zcos2β(
1
3
sin2θW ),
M˜2DLR = −v1(yA†D + µ tanβyD); (B.19)
M˜2ELL = m˜
2
EL
+m2E −M2Zcos2β(
1
2
− sin2θW ),
M˜2ERR = m˜
2
ER
+m2E −M2Zcos2βsin2θW ,
M˜2ELR = −v1(yA†E + µ tanβyE). (B.20)
mU , mD and mE are the diagonal SM fermion mass matrices.
Assuming the SUSY breaking is universal at MGUT scale, we are able to get the radiatively
corrected SUSY breaking soft terms. At the first order, the radiative corrections given by the
Yukawa and trilinear couplings are
δ1m˜
2
UR
= − 2
16π2
(3m20 + |A0|2)y2U∆1t, (B.21)
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δ1m˜
2
DR
= − 1
16π2
(3m20 + |A0|2)y2D∆1t, (B.22)
δ1m˜
2
UL
= − 1
16π2
(3m20 + |A0|2)(y2U +Ky2DK†)∆1t, (B.23)
δ1m˜
2
DL
= − 1
16π2
(3m20 + |A0|2)(K†y2UK + y2D)∆1t, (B.24)
δ1m˜
2
ER
= − 2
16π2
(3m20 + |A0|2)y2E∆1t, (B.25)
δ1m˜
2
EL
= − 1
16π2
(3m20 + |A0|2)(y2E∆1t+ U †Ny2NUN∆¯1t) = δ1m˜2νL , (B.26)
δ1y
A
U = −
3
32π2
A0
[
[3yU(y
2
U + tr(y
2
U)) + yUKy
2
DK
†]∆1t+ yUtr(y
2
N)∆¯1t
]
, (B.27)
δ1y
A
D = −
3
32π2
A0
[
3yD(y
2
D + tr(y
2
D)) + yDK
†y2UK + yDtr(y
2
E)]∆1t, (B.28)
δ1y
A
E = −
3
32π2
A0
[
[y3E + yEtr(y
2
E) + 3yEtr(y
2
D)]∆1t+ yEU
†
Ny
2
NUN∆¯1t
]
, (B.29)
∆1t = ln
M2GUT
M2SUSY
, ∆¯1t = ln
M2GUT
M2N
, (B.30)
where we assume the right-handed neutrino fields Ni decouple at the same scale. The above
estimates are presented at the first order. A detailed analysis beyond the first order has been
presented in [47] for MSSM. The results are in agreement with the qualitative expectations
based on the first order approximation. In the model with the right-handed neutrino fields,
similar conclusion can be obtained.
Appendix C: RGEs in the Flipped SU(5) Model
In the flipped SU(5) model, the RGEs are obtained as follows
dY˜10
dt
= (2C10 + Ch)α˜5Y˜10 + (2C
X
10 + C
X
h )α˜X Y˜10 − 3Y˜10Y˜ †10Y˜10
−
[
Y˜5¯Y˜
†
5¯ Y˜10 + Y˜10(Y˜5¯Y˜
†
5¯ )
T
]
− 1
2
[
3tr(Y˜10Y˜
†
10) + tr(Y˜1Y˜
†
1 )
]
Y˜10, (C.1)
dY˜5¯
dt
= (C10 + C5 + Ch)α˜5Y˜5¯ + (C
X
10 + C
X
5 + C
X
h )α˜X Y˜5¯
−3
2
Y˜10Y˜
†
10Y˜5¯ − 3Y˜5¯Y˜ †5¯ Y˜5¯ −
1
2
Y˜5¯Y˜
†
1 Y˜1 − 2tr(Y˜5¯Y˜ †5¯ )Y˜5¯, (C.2)
dY˜1
dt
= (C5 + Ch)α˜5Y˜1 + (C
X
5 + C
X
h + C
X
1 )α˜X Y˜1
20
−3Y˜1Y˜ †1 Y˜1 − 2Y˜1Y˜ †5¯ Y˜5¯ −
1
2
[
tr(Y˜1Y˜
†
1 ) + 3tr(Y˜10Y˜10)
]
Y˜1. (C.3)
Here we have t = lnM
2
∗
Q2
and the following Casimir operators:
C10 =
18
5
, Ch = C5 =
12
5
, CX10 =
1
40
, CX5 =
9
40
, CX1 =
5
8
, CXh =
1
10
. (C.4)
α5 and αX are the gauge couplings of SU(5) and U(1)X gauge groups, respectively. For the
SUSY breaking soft terms, we have
dY˜ A10
dt
= (2C10 + Ch)α˜5(Y˜
A
10 + 2M5Y˜10) + (2C
X
10 + C
X
h )α˜X(Y˜
A
10 + 2MX Y˜10)
−9
2
(Y˜ A10Y˜
†
10Y˜10 + Y˜10Y˜
†
10Y˜
A
10)− 2
[
Y˜ A5¯ Y˜
†
5¯ Y˜10 + Y˜10(Y˜
A
5¯ Y˜
†
5¯ )
T
]
−
[
Y˜5¯Y˜
†
5¯ Y˜
A
10 + Y˜
A
10(Y˜5¯Y˜
†
5¯ )
T
]
−3
2
[
2tr(Y˜ A10Y˜
†
10)Y˜10 + tr(Y˜10Y˜
†
10)Y˜
A
10
]
− 1
2
[
2tr(Y˜ A1 Y˜
†
1 )Y˜10 + tr(Y˜1Y˜
†
1 )Y˜
A
10
]
, (C.5)
dY˜ A5¯
dt
= (C10 + C5 + Ch)α˜5(Y˜
A
5¯ + 2M5Y˜5¯) + (C
X
10 + C
X
5 + C
X
h )α˜X(Y˜
A
5¯ + 2MX Y˜5¯)
−3
2
Y˜10Y˜
†
10Y˜
A
5¯ − 3Y˜ A10 Y˜ †10Y˜5¯ − 4Y˜ A5¯ Y˜ †5¯ Y˜5¯ − 5Y˜5¯Y˜ †5¯ Y˜ A5¯
−1
2
Y˜ A5¯ Y˜
†
1 Y˜1 − Y˜5¯Y˜ †1 Y˜ A1 − 2tr(Y˜5¯Y˜ †5¯ )Y˜ A5¯ − 4tr(Y˜ A5¯ Y˜ †5¯ )Y˜5¯ (C.6)
dY˜ A1
dt
= (C5 + Ch)α˜5(Y˜
A
1 + 2M5Y˜1) + (C
X
5 + C
X
h + C
X
1 )α˜X(Y˜
A
1 + 2MX Y˜1)
−7
2
Y˜1Y˜
†
1 Y˜
A
1 −
11
2
Y˜ A1 Y˜
†
1 Y˜1 − 2Y˜ A1 Y˜ †5¯ Y˜5¯ − 4Y˜1Y˜ †5¯ Y˜ A5¯
−1
2
[
tr(Y˜1Y˜
†
1 )Y˜
A
1 + 2tr(Y˜
A
1 Y˜
†
1 )Y˜1
]
− 3
2
[
tr(Y˜10Y˜
†
10)Y˜
A
1 + 2tr(Y˜
A
10Y˜
†
10)Y˜1
]
, (C.7)
dm210
dt
= 4C10α˜5|M5|2 + 4CX10α˜X |MX |2 −
3
2
[
m210(Y˜10Y˜
†
10)
T + Y˜10Y˜
†
10m
2
10
]
−
[
m210(Y˜5¯Y˜
†
5¯ )
T + (Y˜5¯Y˜
†
5¯ )
Tm210
]
− 3(Y˜ A10Y˜ A†10 + Y˜10m210Y˜ †10)T
−2(Y˜ A5¯ Y˜ A†5¯ + Y˜5¯m25¯Y˜ †5¯ )T − 3(Y˜10Y˜ †10)Tm2h − 2(Y˜5¯Y˜ †5¯ )Tm2h¯ (C.8)
dm25¯
dt
= 4C5α˜5|M5|2 + 4CX5 α˜X |MX |2 − 2(m25¯Y˜ †5¯ Y˜5¯ + Y˜ †5¯ Y˜5¯m25¯)−
1
2
(m25¯Y˜
†
1 Y˜1 + Y˜
†
1 Y˜1m
2
5¯)
−4(Y˜ †5¯ (m210)T Y˜5¯ + Y˜ A†5¯ Y˜ A5¯ )− (Y˜ †1 (m21)T Y˜1 + Y˜ A†1 Y˜ A1 )− 4Y˜ †5¯ Y˜5¯m2h¯ − Y˜ †1 Y˜1m2h, (C.9)
dm21
dt
= 4α˜XC
X
1 |MX |2 −
5
2
((Y˜1Y˜
†
1 )
Tm21 +m
2
1(Y˜1Y˜
†
1 )
T )
21
−5(Y˜1m25¯Y˜ †1 + Y˜ A1 Y˜ A†1 )T − 5(Y˜1Y˜ †1 )Tm2h, (C.10)
dm2h
dt
= 4Chα˜5|M5|2 + 4CXh α˜X |MX |2 − 3tr[Y˜10Y˜ †10m2h + 2Y˜10m210Y˜ †10 + Y˜ A10 Y˜ A†10 ]
−tr[Y˜1Y˜ †1m2h + Y˜1m25¯Y˜ †1 + Y˜ T1 m21Y˜ ∗1 + Y˜ A1 Y˜ A†1 ] (C.11)
dm2
h¯
dt
= 4Chα˜5|M5|2 + 4CXh α˜X |MX |2 − 4tr[Y˜5¯Y˜ †5¯m2h¯ + Y˜5¯m25¯Y˜ †5¯ + Y˜ T5¯ m210Y˜ ∗¯5 + Y˜ A5¯ Y˜ A†5¯ ]. (C.12)
According to the above RGEs, we can estimate the first order radiative corrections to the
SUSY breaking soft terms. Using Eqs. (B.17), (13) and (32), we can write them in the super-
CKM base and see clearly the extra flavor structure. Assuming the universal SUSY breaking
soft terms, m0 for scalars, M 1
2
for gauginos and Y A = A0Y at theM∗ scale, we get the following
corrections given by the Yukawa and trilinear couplings
δ2m˜
2
DL
= − 1
16π2
[
3(3m20 + |A0|2)y2D + 2(3m20 + |A0|2)K†y2UK
]
∆2t, (C.13)
δ2m˜
2
UL
= − 1
16π2
[
3(3m20 + |A0|2)Ky2DK† + 2(3m20 + |A0|2)y2U
]
∆2t, (C.14)
δ2m˜
2
UR
= − 1
16π2
[
4(3m20 + |A0|2)y2U + (3m20 + |A0|2)U∗Ny2EUTN
]
∆2t, (C.15)
δ2m˜
2
DR
= − 1
16π2
[
3(3m20 + |A0|2)y2D + 2(3m20 + |A0|2)KTy2UK∗)
]
∆2t, (C.16)
δ2m˜
2
EL
= − 1
16π2
[
(3m20 + |A0|2)y2E + 4(3m20 + |A0|2)U †Ny2UUN
]
∆2t, (C.17)
δ2m˜
2
ER
= − 1
16π2
5(3m20 + |A0|2)y2E∆2t, δm2νL = δm2EL, (C.18)
δ2y
A
U = −
A0
16π2
[
9
2
yUKy
2
DK
† + 9y3U +
3
2
U∗Ny
2
EU
T
NyU + 6tr(y
2
U)yU
]
∆2t, (C.19)
δ2y
A
D = −
A0
16π2
[
9y3D + 3(yDK
†y2UK +K
Ty2UK
∗yD) +
3
2
(tr(y2E) + 3tr(y
2
D))yD
]
∆2t,(C.20)
δ2y
A
E = −
A0
16π2
[
9y3E + 5yEU
†
Ny
2
UUN +
3
2
(tr(y2E) + 3tr(y
2
D))yE
]
∆2t, (C.21)
∆2t = ln
M2∗
M2GUT
. (C.22)
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